Abstract: This study was conducted to determine the standardized ileal digestible amino acid (AA) and nitrogencorrected apparent metabolizable energy (AME n ) contents of a high-protein sunflower meal (HiSFM) fed to broiler chicks. A total of 144 broiler chicks were randomly allotted to one of three dietary treatments with eight replicate cages of six birds. Birds were fed the experimental diets from day 14 to day 21 of age. The results showed that gross energy, crude protein, nonphytate phosphorus, lysine (Lys), methionine (Met), threonine (Thr), and total nonstarch polysaccharide contents of HiSFM were 4178 kcal kg −1 , 48.7%, 0.86%, 1.59%, 0.75%, 1.45%, and 14.6%, as-fed basis, respectively. The standardized ileal digestible Lys, Met, and Thr of HiSFM were 12.6, 6.8, and 11.6 g kg −1 (dry matter basis), respectively. In addition, the AME n content of HiSFM fed to broiler chicks was 1785 kcal kg −1 . In conclusion, compared with literature values for sunflower meal, HiSFM had lower standardized ileal digestibility of indispensable AA and higher AME n content. The standardized ileal digestible AA and AME n values of HiSFM obtained from the current study could be used when formulating poultry diets and to obtain predictable bird performance.
Introduction
Sunflower meal (SFM) is a by-product of the sunflower oil industry. In 2016, the world's estimate for the production of SFM was 24.6 million kg (IndexMundi 2017).
There is a need to encourage utilization of this residual meal in poultry diets, especially in those countries where availability of feedstuffs for poultry feeding is limited. Not only will this improve profits for sunflower seed and sunflower seed oil producer, but this will also reduce feed cost, because SFM is a more affordable source of dietary protein compared with soybean meal (SBM).
Amino acid (AA) availabilities in SFM are relatively similar to those of SBM, and much higher than those in cottonseed and rapeseed meals (Senkoylu and Dale 1999) . Sunflower meal can replace 50% to 100% of SBM in broiler diets without decreasing growth performance if lysine (Lys) and methionine (Met) are balanced (Musharaf 1991; Senkoylu and Dale 1999; Kocher et al. 2000) . The digestive capacity of poultry to handle highfiber diets is limited because of the lack of endogenous nonstarch polysaccharides (NSP) degrading enzymes (Annison and Choct 1991; Bedford 2000) ; hence, SFM is not routinely used in broiler diets. However, a SFM product containing high protein and low fiber contents has been developed with improved processing techniques, thus raising the possibility of its availability in broiler diets. Compared with SBM, the high dietary fiber content, low Lys content, and presence of chlorogenic acid in SFM are the main challenges of using it in poultry diets (Milić et al. 1968; Musharaf 1991; NRC 1994; Senkoylu and Dale 1999) . However, these challenges can be overcome by dehulling of sunflower seeds to reduce fiber content (Abbas and Yagoub 2008) , and supplementing SFM-based diets with Lys to meet the requirements and with choline and Met to alleviate the antinutritive effects of chlorogenic acid (Michel and Sunde 1985; Rad and Keshavarz 1976; Senkoylu and Dale 1999) .
Currently, the SFM can be categorized into three classes based on the extent of dehulling of the sunflower seeds during processing, which is commonly indicated by crude protein (CP) and crude fiber (CF) contents of the resulting SFM. The undehulled low-protein SFM contains a CP content that ranges from 23% to 30%, whereas their CF content ranges from 22% to 28% (Ibrahim and El Zubeir 1991; Attia et al. 2003) . The second category is the dehulled SFM whose CP content ranges from 34% to 40% (Ravindran and Blair 1992; Villamide and San Juan 1998) and CF content ranges from 15% to 19% (Rad and Keshavarz 1976; Villamide and San Juan 1998; NRC 2012) . It is obtained by partial dehulling of the seeds before crushing, followed by defatting. Recent technological advancements have improved the dehulling process to allow further processing of the dehulled SFM to produce a highprotein SFM (HiSFM) whose protein content may reach an average of 46% and has a lower CF content (8% to 14%; Lević et al. 2005 ) compared with undehulled and partially dehulled SFM.
The use of HiSFM in poultry diets as opposed to conventional SFM (undehulled and partially dehulled SFM) has become more widespread in Europe owing to its high CP and low fiber contents. However, there is a paucity of studies reporting the nutritional value of HiSFM for broiler chickens. The current recommendation for routine formulation of poultry diets is to use standardized ileal digestible values to optimally supply AA because these values are additive in mixed diets (Stein et al. 2007a (Stein et al. , 2007b . Therefore, the aim of the current study was to determine the standardized ileal digestible AA and nitrogen-corrected apparent metabolizable energy (AME n ) contents of HiSFM fed to broiler chicks.
Materials and Methods
All experimental procedures were reviewed and approved by the University of Manitoba Animal Care Committee, and birds were handled in accordance with the Canadian Council on Animal Care guidelines (CCAC 2009).
Birds and housing
One hundred and forty-four 1-d-old male broiler chicks (Ross 308, Carlton Hatchery, Grunthal, MB, Canada) were housed in battery cages (100 cm × 35 cm × 50 cm, width × length × height) with six birds per cage and fed commercial diets until they were allotted to experimental diets. The brooder and room temperature were set at 32 and 29°C, respectively, during the first 7 d. Thereafter, heat supply in the brooder was switched off and room temperature was maintained at 29°C throughout the experiment. Light was on throughout the experiment.
Experimental diets
The HiSFM fed in the current study was obtained from Bunge Global Innovation, Spain. The SFM seed was grown in Bulgaria. Three experimental diets were fed in the study. The diets included a complete corn-SBM-based basal diet formulated to meet NRC (1994) nutrient requirements, the basal diet with energy-and AA-yielding ingredients (i.e., corn, SBM, and DL-Met) replaced by 30% of HiSFM, and a low-protein casein-cornstarch-based diet ( Table 1 ). The corn-SBM-based basal diet was fed to determine nutrient digestibility and retention by the substitution method (Macleod et al. 2008) . The lowprotein casein-cornstarch-based diet was fed to estimate basal endogenous AA losses for determining standardized ileal digestibility (SID) of AA (Adedokun et al. 2008; Woyengo et al. 2010) . It is assumed that AA in the casein-cornstarch diet may be completely digested and absorbed. Therefore, entire AA in the collected digesta is assumed to be of basal endogenous losses. Titanium dioxide was included in the experimental diets at 0.3% as an indigestible marker.
Experimental procedure
From day 1 to day 13 of age, birds were fed a standard commercial broiler starter diet (Landmark Feeds, Winnipeg, MB, Canada) in crumble form [2926 kcal kg −1 of apparent metabolizable energy (AME), 22% CP, 0.90% calcium (Ca), 0.67% total phosphorus (P), and phytase at 340 phytase unit kg −1 ]. Birds were reweighed on day 14 and distributed (six birds per cage) into 24 cages with similar body weight. Eight replicate cages were randomly assigned to each of the three test diets and fed from day 14 to day 21 of age. Birds had free access to feed and water throughout the experimental period. From day 19 to day 21, excreta samples were obtained from each cage daily and stored frozen at −20°C for later determination of nutrient retention and AME and AME n contents. On day 21, birds were euthanized by carbon dioxide asphyxiation, and contents of the ileum (from Meckel's diverticulum to approximately 1 cm above the ileal-cecal junction) were obtained and stored frozen at −20°C for later determination of ileal digestibility of nitrogen (N) and AA.
Sample preparation and analyses
Excreta samples were oven-dried at 60°C and finely ground to pass through a 1 mm screen using a Cyclotec 1093 Sample Mill (FOSS North America, Eden Prairie, MN, USA). Ileal samples were freeze-dried and finely ground (CBG5 Smart Grind; Applica Consumer Products, Inc., Shelton, CT, USA), whereas HiSFM and diet samples were finely ground to pass through a 1 mm screen in a Thomas-Wiley mill (Thomas Scientific Swedesboro, NJ, USA). All samples were analyzed for dry matter (DM) and N. The samples were further analyzed as follows: HiSFM for AA, Ca, gross energy (GE), total P, phytate P, and total NSP; ileal digesta for AA and titanium contents; diets for AA, GE, and titanium contents; and excreta samples for GE and titanium contents.
The DM was determined according to the AOAC (1998; method 4.1.06), and GE was determined using an adiabatic oxygen bomb calorimeter (Parr Instrument Co., Moline, IL, USA). The N was determined using an N analyzer (model NS-2000; LECO Corporation, St. Joseph, MI, USA). Samples for Ca and total P analyses were ashed and digested according to AOAC (1990; method 990.08 ) and read on a Varian inductively coupled plasma mass spectrometer (Varian Inc., Palo Alto, CA, USA). Phytate P content of HiSFM was determined using the method described by Haug and Lantzsch (1983) . Samples for titanium analysis were ashed and digested as described by Lomer et al. (2000) and read on a Varian inductively coupled plasma mass spectrometer (Varian Inc., Palo Alto, CA, USA). Samples for AA analysis were prepared by acid hydrolysis according to AOAC (1998; method 4.1.11, alternative 3). Samples for the analysis of sulphur containing AA [Met and cysteine (Cys)] were subjected to performic acid oxidation prior to acid hydrolysis. The NSP was determined by gas-liquid chromatography (component neutral sugars) and by colorimetry (uronic acids). The neutral sugars were analyzed as described by Englyst and Cummings (1988) with some modifications (Slominski and Campbell 1990) , whereas uronic acid was determined according to Scott (1979) .
Calculations and statistical analysis
The apparent ileal digestibility (AID) and apparent total tract retention (ATTR) of GE and N in experimental diets were calculated as described by Nyachoti et al. (1997a) , whereas the AID and SID of N and AA were calculated as described by Opapeju et al. (2006) . The AID and SID of N and AA, and ATTR of GE and N in HiSFM were determined by the difference method (Adeola 2001 ) with the assumption that there is no interaction between the digestibility values of components in the test ingredient (HiSFM) and the basal diet. The corn-SBM-based basal diet was used as the basal diet. The standardized ileal digestible AA, AME, and AME n contents for HiSFM were determined as described by Woyengo et al. (2010) . Data were analyzed using the PROC MEANS procedure of SAS (SAS Software Release version 9.3; SAS Institute, Inc., Cary, NC, USA) to calculate means and standard deviations. Note: CCS, casein-cornstarch-based diet; C-SBM, corn-soybean meal-based basal diet formulated to meet NRC (1994) nutrient requirements; C-SBM-HiSFM, the basal diet with corn and soybean meal replaced by 30% of high-protein sunflower meal.
a High-protein sunflower meal (BUNGE Global Innovation, White Plains, NY, USA) b Vitamin-mineral premix provided per kilogram of diet: manganese, 55 mg; zinc, 50 mg; iron, 80 mg; copper, 5 mg; selenium, 0.1 mg; iodine, 0.36mg; sodium, 1.6 g; retinyl acetate, 8250 IU; cholecalcipherol, 1000 IU; DL-alpha-tocopherol, 11 IU; cyanocobalamin, 0.012 mg; phylloquinone, 1.1 mg; niacin, 53 mg; choline, 1020 mg; folacin, 0.75 mg; biotin, 0.25 mg; riboflavin, 5.5 mg.
Results
The analyzed nutrient composition of experimental diets and HiSFM is shown in Table 2 . The GE, CP, Ca, total P, nonphytate P, Lys, Met, Thr, and total NSP contents of HiSFM were 4178 kcal kg −1 , 48.7%, 0.44%, 1.87%, 0.86%, 1.59%, 0.75%, 1.45%, and 14.6%, as-fed basis, respectively. The most abundant indispensable AA in HiSFM was arginine (Arg) (3.68%), whereas the least abundant was Met (0.75%). The basal ileal endogenous losses of N and AA are shown in Table 3 , whereas the AID and SID of N and AA for HiSFM are shown in Table 4 . The AID of N, Lys, Met, and Thr for HiSFM was 75.9%, 75.1%, 88.5%, and 74.8%, respectively, whereas respective SID values for HiSFM were 79.8%, 79.0%, 91.0%, and 79.9%, respectively. The standardized ileal digestible Lys, Met, and Thr contents for HiSFM were 12.6, 6.8, and 11.6 g kg −1 of DM, respectively (Table 5 ). The standardized ileal digestible Arg (33.4 g kg
of DM) and Met (6.8 g kg −1 of DM) contents were the highest and lowest, respectively, among the indispensable AA. The apparent retention of GE and N of HiSFM was 42.6% and 17.0%, respectively, whereas the AME and AME n contents of HiSFM were 1925 and 1785 kcal kg −1 of DM, respectively (Table 6 ).
Discussion
Variations in the chemical composition of SFM and other plant-based feed meals depend on the plant characteristics, and method and degree of processing Note: CCS, casein-cornstarch-based diet; C-SBM, corn-soybean-meal-based basal diet formulated to meet NRC (1994) nutrient requirements; C-SBM-HiSFM, the basal diet with corn and soybean meal replaced by 30% of highprotein sunflower meal; DM, dry matter; CP, crude protein; GE, gross energy; Ca, calcium, P, phosphorus; NSP, nonstarch polysaccharides; AA, amino acid; Arg, arginine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine; Ala, alanine; Asp, aspartate; Cys, cysteine; Glu, glutamine; Gly, glycine; Pro, proline; Ser, serine; Tyr, tryosine. Note: The data are expressed as milligrams per kilogram of dry matter intake; data are means of eight pens of broilers with six broilers per pen. Arg, arginine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine; Ala, alanine; Asp, aspartate; Cys, cysteine; Glu, glutamine; Gly, glycine; Pro, proline; Ser, serine; Tyr, tryosine. (Senkoylu and Dale 1999; Lević et al. 2005) . The most influential plant characteristics are seed composition, hulls/kernel ratio, dehulling potential, and growth and storage conditions, whereas the most commonly used methods of processing are dehulling, mechanical, and solvent extraction. Compared with literature values (on as-fed basis), CP content (48.7%) of HiSFM was higher than that of dehulled solvent extracted SFM reported by NRC (1994; 36.8%) . In addition, Villamide and San Juan (1998) reported lower CP contents ranging from 31.5% to 41.8% in 11 SFM samples that had been similarly processed in terms of conditioning, partial dehulling, press extraction, and solvent extraction. The CP contents of the 11 SFM samples reported by Villamide and San Juan (1998) were inversely related to their CF, neutral detergent fiber, and acid detergent fiber contents, hence suggesting that the higher CP content of HiSFM was mainly due to greater extent of dehulling. Furthermore, HiSFM nonphytate P content (0.86%) was higher than of SFM reported by NRC (1994; 0.16%). The high nonphytate P content suggests that the cost of supplementing P in the SFM-based diets will be lowered, which is important because P is an expensive nutrient, coming third after energy and protein (Biehl et al. 1998) .
The contents of Lys (1.72%), Met (0.81%), and Thr (1.57%) in HiSFM, expressed as %DM, were higher than the averages of the respective AA contents reported by Liu et al. (2015) for 10 SFM samples that had an average CP content of 33%. In addition, Fontaine et al. (2001) used nearinfrared reflectance spectroscopy to predict the CP and AA contents of 83 SFM samples and reported lower mean values for CP (36.4%), Lys (1.26%), Met (0.79%), and Note: Data are means of eight pens of broilers with six broilers per pen. Arg, arginine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine; Ala, alanine; Asp, aspartate; Cys, cysteine; Glu, glutamine; Gly, glycine; Pro, proline; Ser, serine; Tyr, tryosine.
a Values are for both AID and SID. Note: Data are means of eight pens of broilers with six broilers per pen. Arg, arginine; His, histidine; Ile, isoleucine; Leu, leucine; Lys, lysine; Met, methionine; Phe, phenylalanine; Thr, threonine; Val, valine; Ala, alanine; Asp, aspartate; Cys, cysteine; Glu, glutamine; Gly, glycine; Pro, proline; Ser, serine; Tyr, tryosine. Table 6 . Apparent retention of gross energy (GE), nitrogen (N), apparent metabolizable energy (AME), and nitrogen-corrected apparent metabolizable energy (AME n ) contents (on dry matter basis) of highprotein sunflower meal (HiSFM) fed to broiler chicks.
Items
HiSFM Standard deviation GE (%) 42.6 13.37 N (%) 17.0 14.13 AME (kcal kg −1 ) 1925 559.8 AME n (kcal kg −1 ) 1785 479.0
Note: Data are means of eight pens of broilers with six broilers per pen.
Thr (1.30%), compared with HiSFM. Likewise, the study of Villamide and San Juan (1998) and the review of Senkoylu and Dale (1999) report lower Lys, Met, and Thr contents in SFM with 32% CP content. These observations may suggest that improving CP content of SFM would generally improve AA contents. However, it is worth noting that this generalization may not always be valid because over-processing of SFM, especially using high temperatures associated with mechanical pressing, has been shown to reduce the AA content and particularly the amount of chemically analyzed Lys in SFM due to formation of Maillard reaction products (Alexander and Hill 1952; Morrison et al. 1953 ). For instance, Liu et al. (2015) reported an SFM sample having CP content of 39.1% and had relatively similar Lys (1.67%), Met (0.89%), and Thr (1.45%) contents compared with the HiSFM used in current study. Moreover, the Thr content of SFM having 36.8% CP reported by NRC (1994) is similar to that of HiSFM. Such inconsistencies might have been due to differences in varieties of sunflower (Ingale and Shrivastava 2011) , growth conditions (Fick and Miller 1997) such as soil and climate, and processing conditions (Morrison et al. 1953) such as temperature, pressure, and processing time, which may affect the chemical composition of SFM.
The total NSP content of HiSFM (11.8%) was lower than for SFM reported by Malathi and Devegowda (2001;  41.3%), Kocher et al. (2000; 24.2%). and Waititu et al. (2014; 21.6%) , and for SBM reported by Malathi and Devegowda (2001; 29 .02%), Meng et al. (2005; 13 .7%), and Jankowski et al. (2009; 12.6%) . The low NSP content of HiSFM makes it preferable for use in broiler diets. In general, inclusion rate of ingredients with high soluble NSP content in poultry diets is limited because they dilute energy and other nutrients (Jorgensen et al. 1996) , reduce feed passage rate through the digestive system (Bedford 2000) , and increase litter moisture content (Francesch and Brufau 2004) , which can lead to foot pad problems, breast blisters, and poor in-barn environmental conditions (Collett 2012 ). However, it should also be noted that NSP are more complex than just being nutrient diluents and antinutrients. It is becoming obvious that NSP and its related components are important to develop an intestinal immune system and a robust gut health (Bao and Choct 2010) The AA digestibility values of NRC (1994) represent the true ileal digestibility (TID) obtained by correcting endogenous origin of AA. The SID of AA for SFM reported by Lemme et al. (2004) is close to the TID values reported by NRC (1994) , the lowest and highest percentage differences between corresponding AA values were 1% and 3%, respectively. Consequently, the SID of AA for HiSFM was compared with values reported by NRC (1994) and Lemme et al. (2004) . Compared with TID values of AA for SFM reported by NRC (1994) , the SID of all indispensable AA and Cys for HiSFM was lower. The highest percentage reduction for histidine (His), leucine (Leu), phenylalanine (Phe), and Cys was −8.0%, −12.9%, −9.5%, and −10.1%, respectively, whereas the lowest percentage reduction for Arg and Met was −2.5% and −2.1%, respectively. The SID of N, all indispensable AA, and Cys for HiSFM was lower than those reported by Lemme et al. (2004) for both SFM and SBM. Compared with SID of AA values for SFM reported by Lemme et al. (2004) , His, Leu, Lys, and Cys were −9.1%, −9.9%, −9.3%, and −12.3% lower, respectively. However, similar values were observed in Arg (−2.5%), Met (−1.1%), and Thr (−2.5%). Taken together, except for Arg, Met, and Thr, the SID of other AA for HiSFM appears to be inconsistent with literature values reported for other SFM meals. The reason for the observed variations is multifaceted, being susceptible to variations in sunflower seed composition and processing, and evaluation techniques for SID of AA, age, and health status of birds used among studies (Senkoylu and Dale 1999; Lević et al. 2005) . For instance, Rad and Keshavarz (1976) reported that the available Lys of SFM was inversely related to increases in processing temperature. The study of Green and Kiener (1989) also reported that dehulling SFM did not improve the TID of AA in pigs, intact and caecectomized birds.
There is paucity of studies reporting the SID of AA for SFM. Further studies on nutritive value of SFM using similar technique of SID determination as used in this study are needed to effectively compare these results. This is because different techniques of estimating endogenous AA losses yield variable results as they are affected both by animal and dietary factors (Nyachoti et al. 1997b ). For instance, NRC (1994) reports TID values from studies that used the precision-fed cockerel assay, whereas Lemme et al. (2004) report SID of AA values from averages of three studies but they do not specify the technique(s) used to estimate endogenous AA losses in those studies. In addition, Angkanaporn et al. (1996) estimated endogenous AA losses using the homoarginine technique and reported a mean value of 83.8% and 91.4% for TID of all AA in SFM and SBM, respectively. De Beer (2003) reported that dehulling of full-fat sunflower seeds improved the AME n content of SFM due to the reduced fiber content. In a 42 d of broiler trial, the AME n values for raw whole sunflower, raw dehulled sunflower, extruded whole sunflower, and extruded dehulled sunflower were 3827, 4507, 3874, and 4655 kcal kg −1 , respectively (De Beer 2003) . This observation is supported by the study of Villamide and San Juan (1998) reporting that the metabolizable energy (ME) contents of SFM are negatively correlated with CF and hull content. Similar observations have been made in studies on dehulled grain legumes reporting that dehulling lowers fiber content, thereby improving the ME values (Breytenbach and Ciacciariello 2006; Nalle et al. 2010 ).
In the current study, HiSFM produced by enhanced dehulling had similar AME n content of solvent extracted dehulled SFM (1815 kcal kg regression analysis extrapolated the value for the AME n of SFM to be 1219 kcal kg −1 at 100% inclusion.
Furthermore, HiSFM had higher AME n content than undehulled SFM reported by Attia et al. (2003; 1555 kcal kg −1 ) and Pereira and Adeola (2016; 1614 kcal kg −1 ).
Conclusion
In conclusion, the AME n , nonphytate P, total NSP, and digestible Lys, Met and, Thr contents for HiSFM were 1785 kcal kg −1 , 0.86%, 11.8%, and 12.6, 6.8, and 11.6 g kg −1
of DM, respectively. The high nonphytate P, low total NSP, and high AME n contents of HiSFM make it an attractive alternative protein source for broiler diets. Digestible AA better describe the nutritive value of poultry feed ingredients than total AA contents. Therefore, AME n and digestible AA values obtained in the current study can be used for least cost formulations to enhance accuracy and obtain predictable animal performance.
